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Abstract  
A quantitative investigation of spin-pumping-induced spin-transport in n-GaAs was 
conducted at room temperature (RT). GaAs has a non-negligible spin orbit interaction, 
so that electromotive force due to the inverse spin Hall effect (ISHE) of GaAs 
contributed to the electromotive force detected with a platinum (Pt) spin detector. The 
electromotive force detected by the Pt spin detector had opposite polarity to that 
measured with a Ni80Fe20/GaAs bilayer due to the opposite direction of spin current flow, 
which demonstrates successful spin transport in the n-GaAs channel. A 
two-dimensional spin-diffusion model that considers the ISHE in the n-GaAs channel 
reveals an accurate spin diffusion length of s = 1.09 m in n-GaAs (NSi = 4×1016 cm-3) at 
RT, which is approximately half that estimated by the conventional model.  
 
  
Spin-pumping-induced spin transport (SPIST), of which a typical device consists of a 
ferromagnetic spin injector and a nonmagnetic spin detector separated by a 
nonmagnetic channel, enables a direct estimation of the spin transport properties of the 
channel.[1-4] Measurement of room temperature (RT) spin transport by the SPIST 
method has been so far reported for p-type silicon, graphene, aluminum, and a 
conductive polymer.[1-4] In SPIST, the transfer of spin angular momentum due to the 
spin pumping generates a spin accumulation in the channel adjacent to the spin injector, 
which results in the flow of a pure spin current in the channel.[5-8] The transported 
spin current is electrically detected via the inverse spin Hall effect (ISHE) of the spin 
detector, in which heavy elements such as platinum (Pt) and palladium (Pd) are often 
employed.[9-15] Since magnitude of electromotive force due to the ISHE is proportional 
to the length of the spin injector and detector, spin detection based on the ISHE enables 
enhancement of the spin detection sensitivity only by changing the device size, which is 
a significant advantage over spin accumulation voltage measurements.[16-18] RT spin 
transport in a p-type Si has so far only been realized by means of SPIST, due to the 
difficulty of spin transport caused by a short spin lifetime and small diffusion 
constant.[1,19] Although SPIST is expected to be applicable to the investigation of spin 
transport properties in a wide variety of materials, it becomes complicated when the 
spin transport occurs by two- or three-dimensional diffusion and the spin channel has a 
considerable spin-orbit interaction (SOI), because the channel also generates an 
electromotive force. In this case, there is a requirement to distinguish the effective 
electromotive force in the spin detector from that in the channel. 
In this study, we focus on n-GaAs because it has a non-negligible SOI (spin Hall 
angle, SHE = 0.007) and a considerable spin diffusion length of s = 1.6m at 205 K 
(doping concentration NSi = 5×1016 cm-3) [20-30] i.e., this is an appropriate material 
platform to develop an understanding of the interplay between the electromotive force 
from a semiconductor channel and that from a heavy-metal spin-detector. Comparison 
of the electromotive force obtained in a lateral SPIST device with that in a conventional 
spin injector/detector bilayer structure demonstrates successful spin transport in an 
n-type GaAs channel at RT. Theoretical analysis based on the two-dimensional spin 
diffusion model reveals that a spin current comparable to that in the spin detector flows 
in the n-GaAs channel along the normal direction of the channel plane of the SPIST 
device. An accurate value of s in n-GaAs is estimated by considering the electromotive 
force in both the GaAs channel and the Pt spin detector. This study allows the 
establishment of a new approach to the investigation of SPIST in condensed matter, in 
which the ISHE-induced conversion of a pure spin current is not negligible. 
Figure 1(a) shows a schematic illustration of a Ni80Fe20 (Py)/n-GaAs/Pt lateral device. 
A GaAs channel consisting of 15 nm thick n+-GaAs (NSi = 5×1018 cm-3)/15 nm thick 
n+→n-GaAs transition layer/700 nm thick n-GaAs (NSi = 4×1016 cm-3)/250 nm thick 
i-GaAs was grown on a non-doped GaAs(001) substrate by molecular beam epitaxy at 
590 °C. The n+-GaAs layer allows highly efficient spin pumping due to a thin Schottky 
barrier (ca. 10 nm).[26,31,32] Electrical spin injection and detection using the 
n+-GaAs/n-GaAs structure has been demonstrated in nonlocal voltage measurements, 
which guarantees a considerable s in the n-GaAs channel.[27-29] Spin transport along 
the normal direction of the channel plane is expected due to the thick n-GaAs channel, 
which generates an electromotive force along the ±y direction caused by the ISHE in the 
GaAs channel. After growth of the n+-GaAs/n-GaAs layers, the substrate was exposed to 
air for fabrication of a Py spin injector and a Pt spin detector. A 5 nm thick Pt layer were 
formed by means of the lift-off process with electron beam (EB) lithography and EB 
deposition system. After fabrication of the Pt layer, the substrate was cleaned by using 
acetone and 2-propanol, and then the Py layer was fabricated in the same manner as 
fabrication of the Pt layer. The length Ly and width Lx of the Py electrode were 500 and 
100 m, respectively. The distance between the Py spin injector and the Pt spin detector 
was 1.1 m, which was measured by atomic force microscope. The n+-GaAs layer 
between the Py and Pt electrodes was etched with a mixed aqueous solution of 
phosphoric acid and hydrogen peroxide (H3PO4:H2O2:H2O = 4:1:315 v/v). The direction 
of spin transport was the GaAs<110> direction. Two contacts for measurement of the 
ISHE were attached to each edge of the Pt electrode with Ag paste. 
For the spin pumping measurement, a sample was placed near the center of a TE102 
cavity of an electron spin resonance (ESR) system (Bruker EMX10/12, microwave 
frequency: 9.6 GHz), where the rf electric and magnetic field components were at a 
minimum and maximum, respectively. An external static magnetic field H was applied 
at an angle of H, as shown in Fig. 1(a). The DC electromotive force VEMF was measured 
using a nanovoltmeter (Keithley 2400). All measurements were performed at RT. 
Figure 1(b) shows the ferromagnetic resonance (FMR) spectra 𝑑𝐼(𝐻) 𝑑𝐻⁄  as a 
function of H-HFMR for the Py/n-GaAs/Pt device measured at H = 0, 90, and 180°, where 
I and HFMR are the microwave power absorption intensity and the FMR field, 
respectively. The microwave power PMW was 200 mW. Clear FMR spectra were observed 
for all H. Figure 1(c) shows VEMF as a function of H-HFMR. At H = 0 and 180°, clear 
changes in VEMF were observed around H-HFMR = 0 mT. The VEMF signals were analyzed 
using a deconvoluted fitting function with independent contributions from the ISHE 
(symmetrical Lorentzian curve centered on HFMR) and the anomalous Hall effect (AHE; 
asymmetrical curve) as follows:[9] 
𝑉EMF = 𝑉ISHE
Γ2
(𝐻 − 𝐻FMR)2 + Γ2
+ 𝑉AHE
−2Γ(𝐻 − 𝐻FMR)
(𝐻 − 𝐻FMR)2 + Γ2
+ a𝐻 + b,                   (1) 
where VISHE, VAHE, and Γ are the amplitudes of electromotive force for the ISHE and the 
AHE, and a damping constant, respectively. a and b represent correction coefficients. 
From Eq. (1), VISHE were determined to be -0.97, 1.46 V at H = 0 and 180°, respectively. 
Note that the polarity reversal was observed for VISHE when H was changed from 0 to 
180° and VISHE at H = 90° is an order of magnitude smaller than those at H = 0 and 
180°. Such behavior is consistent with the theoretically predicted VISHE, which is 
expressed as VISHE JC JS×, where JC, JS, and  are the charge current density, the 
spin current density, and the spin polarized vector, respectively.[9] The sign of VISHE 
indicates that the spin current in the Pt electrode flows toward the +z direction, i.e., the 
pure spin current flows from the GaAs channel to the Pt detector. The difference in the 
magnitude of the VISHE, |VISHE|, between H = 0 and 180° is mainly due to the 
electromotive force caused by the temperature increase of the sample, which has also 
been reported previously.[33] Therefore, an accurate value of |VISHE| is obtained from 
following equation: 
  |𝑉ISHE| =
|𝑉ISHE(𝜃𝐻=0
𝑜)−𝑉ISHE(𝜃𝐻=180
𝑜)|
2
   (2) 
|VISHE| normalized according to the Py electrode length, |VISHE|/Ly, was estimated to 
be 2.42 V mm-1. Figure 1(d) shows the dependence of |VISHE| on PMW; |VISHE| was 
proportional to PMW, which is also consistent with the theoretical expectation of spin 
pumping.[10] 
The GaAs channel has a considerable SOI; therefore, unwanted VISHE can be 
generated in the GaAs channel. To estimate VISHE generated in the GaAs channel, the 
electromotive force between both edges of the Py electrode in a Py/GaAs bilayer 
structure was measured, as shown in Fig. 2(a). Figures 2(b) and 2(c) show the respective 
FMR spectra and VEMF-H curves measured at H = 0, 90, and 180°. The deconvoluted 
curves in Fig. 2(c) show clear VISHE signals at H = 0 and 180°, and no VISHE signals were 
observed at H = 90°. |VISHE|/ Ly was estimated to be 2.21 V mm-1, which is comparable 
with that of the SPIST device and indicates that VISHE from the GaAs channel should be 
taken into account for estimation of the spin transport properties. It should be noted 
that the polarity of VISHE is opposite, as shown in Fig. 1(c) and Fig. 2(c). The positive 
VISHE at H = 0° shows that the direction of the spin current is -z because n-GaAs has a 
positive spin Hall angle. Therefore, the polarity reverse of VISHE between the bilayer 
structure and the SPIST device demonstrates successful spin transport in the n-GaAs 
channel.  
Next, s in the GaAs channel was estimated. A considerable VISHE was detected in the 
bilayer system, which indicates that the spin current in the GaAs channel flows along 
the ±z direction. Therefore, a two-dimensional flow of the spin current in the x-z plane of 
Fig. 1(a) should be considered. We assumed that there was no spin current along the y 
direction, because uniform spin density along the y direction can be realized according 
to the geometry of the Py and Pt electrodes. Effects of over etching of the n-GaAs layer 
(15 nm in thick) due to the wet etching process and formation of a depletion layer (150 
nm in width) at the n-GaAs surface after etching of the n+-GaAs layer were also taken 
into account. Therefore, the injected spins diffuse vertically down through n+-GaAs and 
150-nm of n-GaAs before lateral diffusion, as shown in Fig. 3(a).  
Firstly the spin current density generated at the Py/GaAs interface Js0, was estimated 
from the width of the FMR spectrum. Js0 is expressed as 
𝐽S
0 =
𝑔r
↑↓𝛾2ℎ2ℏ{4𝜋𝑀S𝛾+√(4𝜋𝑀S)2𝛾2+4𝜔2}
8𝜋𝛼2{(4𝜋𝑀S)2𝛾2+4𝜔2}
,    (3)      
where 𝑔r
↑↓ , γ , ℎ , ℏ , Ms and α  are the real part of the mixing conductance, the 
gyromagnetic ratio of Py, the microwave magnetic field, the Dirac constant, the 
saturation magnetization and the Gilbert damping constant, respectively.  𝜔(= 2π𝑓) is 
the angular frequency of the magnetization precession, where 𝑓  is the microwave 
frequency. 𝑔r
↑↓ is given by [10] 
𝑔r
↑↓ =
2√3π𝑀Sγ𝑑F
𝑔μB𝜔
(𝑊Py/GaAs − 𝑊Py),           (4) 
where 𝑑F, 𝑔, μB, 𝑊Py/GaAs, and 𝑊Py are the thickness of the Py layer, the 𝑔 factor, the 
Bohr magneton, and the linewidth of the FMR spectrum for the Py layer with and 
without n-GaAs/Pt, respectively. In this study, 𝑑F, ℎ, 𝑊Py/GaAs, and 𝑊Py are 25 nm, 
0.06 mT ( at PMW=200 mW ), 2.97 mT, and 2.78 mT, respectively. Using Eq. (4), 𝑔r
↑↓ at 
the Py/n-GaAs interface was calculated to be 6.72×1018 m-2. Js0 was calculated using Eq. 
(3) with 𝑔r
↑↓ = 6.72 × 1018 m−2 , 𝑀S = 0.0792 T,  𝛾 = 1.84 × 10
11 T−1s−1 , 𝜔 = 6.05 ×
1010 rads−1, and α = 0.00823, Js0 to be 4.27 × 10−10 Jm−2. 
The finite element method (MatLab R2014a PEDtool) was used for the calculation of 
spin current density in the GaAs channel and the Pt electrode.[34] A schematic 
illustration of the device structure for the calculation is shown in Fig. 3(a). In the spin 
diffusion model, the spin density S is expressed as 
𝜕𝑆
𝜕𝑡
= 𝐷∇2𝑆 −
𝑆
𝜏
 ,    (5) 
where t is the time, D is the spin diffusion coefficient, and  is the spin lifetime. The 
Neumann boundary condition was employed and it was assumed that the spin current 
(Js = 4.27×10-10 J m-2) flows through the boundary adjacent to the Py spin injector. D for 
n-GaAs and Pt were set to 145 and 7.70 cm2 s-1, respectively, and in Pt s_Pt was set to 
7.75×10-14 s. [15] The calculated spin currents along the x and z directions, Jsx and Jsz, 
between the Py and Pt electrodes are shown in Fig. 3(b). in the GaAs channel s_GaAs 
was set to 10, 100, and 1000 ps. The spin current beneath the Py spin injector flows in 
the -z direction, whereas the spin current near the edge of the spin injector flows in the 
+x direction. Beneath the Pt electrode, the spin current in the +z direction is enhanced 
due to the strong spin absorption of the Pt electrode. Thus, VISHE detected in the SPIST 
measurements includes the electromotive force in the GaAs layer beneath the Py spin 
injector (VISHE1) and that beneath the Pt electrode (VISHE2), in addition to the 
conventionally expected VISHE in the Pt electrode (VISHE_Pt). VISHE1 is generated at a 
considerable distance from the Pt electrode; therefore, the contribution of VISHE1 to the 
detected VISHE was investigated. 
For this estimation, an experiment was implemented using the device schematically 
illustrated in Fig. 4(a) to measure the dependence of nonlocal voltage (VPt) on the local 
voltage (VGaAs). A DC voltage VGaAs was applied between the edges of the Py electrodes 
and a DC voltage between the edges of the Pt electrodes VPt was measured. The 10% of 
VGaAs was detected in VPt, as shown in Fig. 4(b), indicating that 10% of VISHE1 can be 
included in the observed VISHE. The spatially averaged spin current density along the z 
direction in the GaAs channel (Js1,2) and in the Pt electrode (Js) were calculated from the 
results presented in Fig. 3(b). The spin current density in the GaAs channel beneath the 
Py spin injector (Js1) and beneath the Pt electrode (Js2) were separately calculated, as 
schematically shown in Fig. 5(a). Figures 5(b) and (c) show Js1, and Js2 and Js as 
functions of the spin diffusion length in n-GaAs, s, respectively. The flow direction of Js1 
is the -z direction. The magnitude of Js1 increases sublinearly with s. In contrast, Js and 
Js2 have positive values and increase superlinearly with s. Importantly, the ratio of 
Js2/Js yields 1.9~2.2 at s ≦ 1.5 m, indicating that contribution of Js2 is non-negligible 
when SHE of the channel is comparable with that of the spin detector. Figure 5(c) shows 
the calculated VISHE2, VISHE_Pt, and total VISHE (= VISHE_Pt+VISHE2+0.1×VISHE1) as a 
function of s. Here, SHE of Pt was set to 0.10.[15] From the experimental VISHE ( = 2.42 
V mm-1), s and s_GaAs in the n-GaAs layer are calculated to be 1.09 m and 81.9 ps, 
respectively. In the conventional one-dimensional spin diffusion model without 
consideration of the SOI in the channel,[1] s and s_GaAs were calculated to be 1.81 m 
and 227 ps, of which the s obtained is approximately twice that from two-dimensional 
spin diffusion model with consideration of the ISHE of GaAs. Considering the previous 
study with an electrical nonlocal 4-terminal measurement, where s at 205 K was 
reported to be 1.6 m, the value obtained from the two-dimensional spin diffusion model 
with the SOI of the channel used in this study is reliable compared to the conventional 
model. The contribution of VISHE1 and VISHE2 to the obtained VISHE are 9 and 20 %, 
respectively. The effect of VISHE1 and VISHE2 is expected to be pronounced when a spin 
detector with a modest SHE, e.g., Pd (SHE=0.017) is used. [10] In this case, the 
contribution of VISHE2 is estimated to be approximately 59 % when the obtained VISHE is 
2.42 V mm-1. Therefore, this study has enabled the range of application of the SPIST 
method for estimation of the spin transport properties to be extended.  
Finally, we comment on other contributions expected in the SPIST method. Other 
factors which affect the obtained VISHE are the spin accumulation in localized states 
near the Py/GaAs interface and spin-memory loss at Py/GaAs interface, [35, 36] which 
cause overestimation of Js0 obtained from FMR line width. It is expected that 
investigation of VISHE as a function of distance between spin injector and detector LID 
reveals more accurate spin-diffusion properties and contribution of such effects, 
separately. An improved calculation method based on two dimensional spin diffusion 
model which can be used for analysis of LID dependence of VISHE is desired.           
In conclusion, we have successfully demonstrated spin-transport in the n-GaAs 
channel at RT using the SPIST method. The electromotive force detected by the Pt spin 
detector has opposite polarity to that measured in the Py/GaAs bilayer structure, which 
demonstrates spin transport in the n-GaAs channel. A two-dimensional spin diffusion 
model that considers the ISHE of the GaAs channel was established, which revealed the 
accurate spin-diffusion length of n-GaAs (s = 1.09 m). 
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 Figure Captions 
Figure 1 (Color online) 
(a) Schematic illustration of the GaAs-based device for measurement of the 
spin-pumping-induced spin-transport. (b) FMR spectra, dI(H)/dH, at θH = 0°, 90°, and 180° 
as a function of H-HFMR, where I is the microwave absorption intensity in arbitrary units. The 
microwave power PMW was 200 mW. The HFMR at H = 0° was 102 mT. (c) Electromotive 
force VEMF/w measured at the Pt spin detector with θH=0, 90, and 180. The open circles 
represent experimental data and the solid line is a fit obtained using Eq. (1) with 
consideration of the contributions from the ISHE and AHE. The dashed and dotted lines are 
fits for the VISHE signal from the Pt layer and the VAHE signal from the Py layer, respectively. 
(d) Magnitude of VISHE as a function of PMW. 
 
Figure 2 (Color online) 
(a) Schematic illustration of the Ni80Fe20/GaAs bilayer device. (b) FMR spectra, dI(H)/dH, at 
θH = 0°, 90°, and 180° as a function of H-HFMR measured at PMW = 200 mW. (c) VEMF/w 
measured between the Au/Cr contacts at θH=0, 90, and 180. The open circles represent 
experimental data and the solid line is a fit obtained using Eq. (1) with consideration of the 
contributions from the ISHE and AHE. The dashed and dotted lines are fits for the ISHE 
signal from the n-GaAs layer and the AHE signal from the Py layer, respectively. 
 
Figure 3 
(a) Schematic illustration of the GaAs-based device for calculation of the two-dimensional 
spin diffusion model. (b) Color maps of the calculated spin current density along the x (Jsx) 
and z (Jsz) directions. The spin lifetime in GaAs s_GaAs was set to 10, 100, 1000 ps, 
respectively. 
 
Figure 4 (Color online) 
(a) Schematic illustration of the GaAs-based device for local and nonlocal voltage 
measurements. (b) Local voltage VPt as a function of nonlocal voltage VGaAs measured at 
room temperature. 
 
Figure 5 (Color online) 
(a) Schematic illustration of the spin current density in the GaAs channel beneath the Py 
spin injector (Js1) and beneath the Pt electrode (Js2). (b) Js1 and (c) Js2 and Js as a function of 
spin diffusion length, s in GaAs. The inset shows the ratio of Js2/Js as a function of s. (d) 
VISHE, VISHE_Pt, and VISHE2 as a function of s.  
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